Aging leads to a decline in strength and an associated loss of independence. The authors examined changes in muscle volume, maximum isometric joint moment, functional strength, and 1-repetition maximum (1RM) after resistance training (RT) in the upper extremity of older adults. They evaluated isometric joint moment and muscle volume as predictors of functional strength. Sixteen healthy older adults (average age 75 ± 4.3 yr) were randomized to a 6-wk upper extremity RT program or control group. The RT group increased 1RM significantly (p < .01 for all exercises). Compared with controls, randomization to RT led to greater functional pulling strength (p = .003), isometric shoulder-adduction moment (p = .041), elbow-flexor volume (p = .017), and shoulder-adductor volume (p = .009). Shoulder-muscle volumes and isometric moments were good predictors of functional strength. The authors conclude that shoulder strength is an important factor for performing functional reaching and pulling tasks and a key target for upper extremity RT interventions.
for the hospitalized elderly (Abizanda et al., 2007) . While functional loss typically occurs first in the lower extremity, loss of function in the upper extremity follows and precedes loss of cognition and dexterity (Seidel et al., 2009 ). Therefore, strategies that preserve and improve upper extremity function are an important aspect of maintaining independence in the growing population of older adults.
Current evidence clearly shows that resistance training (RT) leads to increases in muscle volume (Fiatarone et al., 1990) , isometric joint moment (Hunter et al., 2001 ), 1-repetition maximum (1RM; Fiatarone et al., 1990; Frontera, Hughes, Lutz, & Evans, 1991) , and functional ability (Vincent et al., 2002) in the lower extremity of older adults. In addition, RT can induce hypertrophy (Brown, McCartney, & Sale, 1990; Fiatarone et al., 1990; Frontera, Meredith, O'Reilly, Knuttgen, & Evans, 1988 ) and lead to increases in 1RM (Brown et al., 1990) in the upper extremity of older adults. For example, Brown et al. found that a 12-week upper extremity RT intervention in an older adult population led to a 17.4% increase in the cross-sectional area of the elbow flexors and a 48% increase in biceps-curl 1RM. However, while some studies show that, in older adults, upper extremity RT leads to significant increases in maximum isometric moment (Hunter et al., 2001) and functional ability (Nelson et al., 2004) , other studies have found no significant increases in either maximum isometric joint moment (Brown et al., 1990) or functional ability (Miszko et al., 2003) after RT. Therefore, it remains unsettled to what extent RT results in changes in strength as measured by maximum isometric joint moment and functional strength or ability. While research has shown that the most effective way to increase strength for a movement or task is to perform that task (training specificity; de Vreede et al., 2004; Ingebrigtsen, Holtermann, & Roeleveld, 2009 ), it may not always be feasible or practical to train this way due to time or cost constraints. In addition, it may not always be possible to quantitatively assess changes in functional strength in the clinic. Thus, it would be useful to determine if metrics such as muscle volume or isometric joint moment are robust predictors of functional strength.
To our knowledge, there are no studies that have assessed changes in multijoint strength and volume for the muscles actuating all the major upper limb joints after RT in a healthy older adult population. Comprehensive description of the relationships between an upper extremity RT program and several measures of strength, including functionally relevant strength measures, will inform future RT interventions designed to improve upper extremity function in older adults. In particular, a study goal is to identify important muscle targets for RT by elucidating the functional muscle groups most likely to experience hypertrophy after RT and those most associated with improvements in functional strength. Another goal is to clarify whether there is support for using simple measures of strength, such as isometric joint moment, to predict more clinically relevant functional strength outcomes. The aims of this study were to determine (a) the effects of randomization to a 6-week RT intervention on changes in 1RM, maximal isometric joint moment, functional strength, and muscle volume for six upper extremity functional groups representing all of the major muscles actuating the shoulder, elbow, and wrist joints and (b) if maximum isometric joint moment or functional-group muscle volume can be used to predict functional strength in a healthy older adult population.
Method Study Sample
Sixteen healthy adults (8 male, 8 female) over the age of 65 were recruited for this study and included if they were not currently participating in aerobic or resistance training, were free of any medical condition that might be exacerbated by physical testing or strength training, had no contraindications to undergoing magnetic resonance imaging (MRI), had no history of neuromuscular disorder or injury that might affect the upper limb (including, but not limited to, stroke or Parkinson's disease), and were able to stand independently of assistive devices (such as walkers or canes). This study was approved by the Wake Forest University institutional review board, and all of the participants provided written informed consent. Participants were randomly assigned to either a control group or RT group, and the assessment staff were blinded to this assignment. After the blocked (sex) randomization, the groups each had 4 men and 4 women, with an average age of 75 ± 5.3 years for the control group and 74.8 ± 3.2 years for the RT group. The average height (1.71 ± 0.10 m) and body mass (78.5 ± 10.3 kg) of the RT group were not statistically different from the average height (1.69 ± 0.09 m) and body mass (74.3 ± 14.8 kg) of the control group.
RT
The RT group participated in 6 weeks of upper extremity RT under the supervision of master's-level exercise physiologists certified in emergency-management procedures. The RT intervention included 19 sessions of testing or training: one orientation session including 1RM testing, sixteen 1-hr RT sessions, and a 1RM test on all machines at 3 weeks and 6 weeks to monitor changes in strength. During the orientation session, participants were introduced to the equipment and instructed in proper technique, and a 1RM test was performed for each of the lifting exercises to determine the starting exercise intensity. The 1RM was determined by having the participants lift a given weight twice with good form and then adding weight incrementally until only one repetition could be completed with good form. Between efforts, 60-90 s of rest was provided. A recent study by Theou, Gareth, and Brown (2008) indicated that rest intervals of 60 s are sufficient to recover strength and that older women required less rest than younger women. For all participants, three to six efforts were required to determine the 1RM. We believe that this single training session was sufficient to reduce the effects of learning on performance based on research by Schroeder et al. (2007) , who previously reported that there is not a significant change in maximal force production between two testing sessions. In addition, work by Phillips, Batterham, Valenzuela, and Burkett (2004) indicates that two or three test trials are sufficient to achieve repeatable results when testing 1RM.
Nine exercises-six using Nautilus weight machines and three using free weights-were completed at each training session (Table 1 ). The order of the exercises was designed to minimize muscle-group fatigue, determined for each participant at the first training session and maintained throughout the intervention. During the first three sessions, participants performed three sets of eight repetitions at 60% 1RM with 60-90 s of rest between sets. Beginning with the fourth session, the weight was incrementally increased so that it reached 70% 1RM by the end of the sixth session. Starting in the seventh session, two sets of eight repetitions were performed at 75% 1RM, and on the third set, the participants completed as many repetitions as possible while maintaining good form. If a participant performed 12 or more repetitions in the third set, the weight was increased at the next session.
Subject Testing
All participants were assessed in three pretesting sessions, each lasting ~1 hr, during which muscle volume was assessed via MRI and isometric strength and functional strength testing were performed. The dominant arm (the right arm for all but 1 participant) was evaluated. After baseline assessments, participants randomized to the RT group participated in 6 weeks of RT, while participants randomized to the control group were asked to maintain their normal routines. Participants in the control group were contacted after 3 weeks to determine if there were any changes in health status. The follow-up evaluations were repeated after 6 weeks for both groups.
MRI.
We acquired axial images of the dominant arm at baseline and completion of the study with a 1.5T MRI scanner (GE Healthcare, Milwaukee, WI) using a protocol described previously . A spoiled gradient sequence with 3-mm axial slices was used to image the upper limb from the shoulder to wrist. A single scan with the body coil was used to image muscles crossing the shoulder with echo time of 3 ms, a relaxation time of 11.6 ms, flip angle of 30°, matrix of 512 × 192, bandwidth of ±31.25 kHz, and field of view of 32 cm, resulting in a scan time of 16 min. In two successive scans, a flexed-array long-bone coil (Invivo, Orlando, FL) was used to obtain images with better spatial resolution for the smaller muscles of the arm and forearm, with the following scanning parameters: echo time = 5 ms, relaxation time = 23 ms, flip angle = 45°, To calculate muscle volumes, three-dimensional polygonal surfaces were created for each of the muscles using the identified muscle boundaries (Figure 1 ). The accuracy of estimating muscle volumes using MRI has been previously established by Tingart et al. (2003) , and the accuracy of this imaging protocol was established by .
The axial images were manually segmented to identify muscle boundaries for 21 upper limb muscles (Table 2 ; 3D Doctor, Able Software Corp., Lexington, MA). The remaining wrist-flexor and -extensor muscles were segmented in two groups of muscles due to close association of the muscles. The muscles were categorized into functional groups based on their primary action (largest moment arm), and the volume of each functional group was determined as the sum of the individual muscle volumes for that group.
Isometric Joint-Moment Assessment. Maximum isometric joint moments were evaluated at the wrist, elbow, and shoulder using a dynamometer (KIN-COM, Isokinetic International, Harrison, TN), following a previously described standard protocol . Participants were seated with their torso in a vertical posture and the hip flexed to 90°. The torso was restrained using straps to prevent changes in posture during the trials. Maximum isometric moment-generating capacity was measured at the wrist for flexion and extension with the forearm fully pronated and the elbow flexed to 90°. Maximum isometric joint moment at the elbow was assessed for both flexion and extension with the forearm fully supinated and the elbow flexed to 90°. At the shoulder, maximum isometric moment was assessed for abduction and adduction with the shoulder abducted to 60° and the elbow braced in full extension. Three trials of each of the six isometric-moment tests were obtained, and participants were provided with standardized verbal and visual feedback to encourage maximal voluntary activation. Participants were given 60 s rest between trials and 5 min of rest between functional-group evaluations. Each trial was analyzed using custom software (Matlab, The Mathworks Inc., Natick, MA, version R2008a) to identify the peak force sustained for at least 0.5 s. Forces were multiplied by the distance from the joint center of rotation to the location of the load cell (moment arm) to determine the moment generated about a joint. The maximum peak moment achieved over the three trials for each functional group was used for analysis.
Functional Strength Assessment. Functional strength was evaluated for two functional movements (a forward reach and a pull) as the maximum load with which a participant could complete the movement successfully (functional 1RM). While these tasks have not been described for maximum strength in this group previously, a similar reaching task was used to evaluate functional ability in a poststroke population (Wagner, Rhodes, & Patten, 2008) . In addition, pulling strength has been used to evaluate functional capacity in individuals with chronic pain (Hart, 1988) . The cited studies each reported that similar reaching and pulling tasks are reliable measures (intraclass correlation coefficient of .57-.99 for reaching and .95 for pulling) of functional ability in these populations. For the forward reach and pull, the wrist was braced. For the forward reach, participants started with the elbow flexed to 90°, reached forward while holding a dumbbell in their dominant hand to a line placed such that their elbow was flexed 10-20°, and returned to the starting posture ( Figure 2 [A]). A trial was considered successful if the dumbbell did not drag on the table during the reaching movement. Each participant started with a 1-lb (~0.5-kg) dumbbell, and the weight was increased incrementally until the participant could not perform a successful reach. For the functional pulling task, a pulley resistance system was used. The participants held the handle in the dominant hand and pulled it toward the torso. They began with the elbow flexed 10-20°, pulled until the elbow was flexed to at least 90° for a successful trial, and returned to the starting posture ( Figure 2 [B]). Each participant started with 6 lb (~2.7 kg; the minimal loading possible), and the weight was incrementally increased, as in the 1RM determination, until a maximal effort was found. One minute of rest was given between attempts for both the reach and the pull. Weight increments were based on perceived exertion of the participant to identify the maximal effort quickly (within ~6 efforts) so as to limit the effects of fatigue on the maximal effort. The same sequence of resistance was used at the second testing period, and the participants were allowed to attempt a new maximal effort.
Statistical Analysis
To assess the effectiveness of the RT intervention to elicit change in 1RM strength, we used mixed models for repeated measures to estimate 1RM means at all time points, while adjusting for sex, and used a contrast to evaluate the time-specific 1RM means for a linear time trend. To determine the effects of randomization to the RT or control group on changes in functional-group muscle volume, we used multifactorial ANCOVA with change in functional-group muscle volume between baseline and follow-up as the dependent variable and terms for group, the baseline measure of the strength outcome, sex, and body mass as predictors. To determine the effects of randomization to the RT or control group on changes in functional strength and maximum isometric joint moment, we used multifactorial ANCOVA with changes in functional strength and maximum isometric joint moment between baseline and follow-up as the dependent variables and terms for group, the baseline measure of the strength outcome, and sex as predictors. All models were fit twice, as main effect models and again including a Group × Sex interaction. Adjustment for the baseline measurement is considered the appropriate approach for analysis of randomized comparisons (Fitzmaurice, 2001) . To evaluate muscle volume and maximum isometric joint moment as predictors of functional strength, we used multiple linear-regression analyses on baseline data collected before randomization. We ran a series of models to evaluate the volume of elbow flexors and shoulder adductors as predictors of functional pulling strength, adjusted for sex and body mass. Models 1a and 1b included either elbow flexors or shoulder adductors, without adjustment. Model 2 included both elbow flexors and shoulder adductors, without adjustment. Model 3 included both elbow flexors and shoulder adductors, with adjustment for sex. Model 4 included both elbow flexors and shoulder adductors, with adjustment for sex and body mass. These functional groups were chosen a priori because they are functionally relevant to the pulling task. For functional reaching, we evaluated the same four models using the volume of elbow extensors and shoulder abductors as predictors both alone and together, adjusted for sex and body mass. These functional groups were also expected a priori to be relevant to the performance of reaching.
We also evaluated maximum isometric joint moments as predictors of functional strength. Specifically, Models 1a and 1b included either elbow-flexion or shoulder-adduction isometric joint moments, without adjustment. Model 2 included both elbow-flexion and shoulder-adduction isometric joint moments, without adjustment. Model 3 included both elbow-flexion and shoulder-adduction isometric joint moments, with adjustment for sex. For functional reaching, we evaluated the same three models using maximum isometric joint moment of elbow extensors and shoulder abductors as predictors, both alone and together, adjusted for sex.
Because this was a preliminary study with a small sample size, all analyses were considered exploratory. Therefore, we report the nominal p values and make no corrections for Type I error.
Results
All participants completed the study, and none experienced any adverse events during testing or training. All participants in the RT group completed 16 RT sessions and 3 1RM testing sessions. Functional pulling test data for 3 participants in the control group could not be included in the analysis because participant strength exceeded the maximum capacity of the apparatus.
Increased 1RM Strength With RT
The RT program led to significant increases in 1RM strength for all exercises at all time points (p < .01 for each; Figure 3 ). These 1RM increases followed a linear trend for all exercises (p < .001 for each; Table 3 ). After 3 weeks of RT, the smallest average improvement in dynamic 1RM strength was seen for the triceps press (11% increase), and the largest improvement was for the overhead press (26% increase), as calculated based on the mean percentage change for all the individuals in the RT group. In the second 3 weeks of the RT intervention, we observed increases in dynamic 1RM strength ranging from 8% for the biceps curl to 19% for the incline press. The total increase in 1RM strength for the entire 6-week intervention ranged from 21% for the triceps press to 49% for the incline press. 
Functional-Group Muscle Volume
Our model analyses indicate that there was a significant main effect for group such that randomization to RT was associated with significantly greater increases in muscle volume for the elbow flexors and shoulder adductors with respect to the changes observed in the control group (Table 4 ). In addition, there was a significant Group × Sex interaction for the wrist extensors and elbow flexors (Table 4) , indicating a different effect of the RT intervention in men versus women. 
Maximum Isometric Joint Moments and Functional Strength
There was a significant main effect for group such that randomization to RT was associated with a significantly greater increase in maximum isometric shoulderadduction moment (p = .041) and functional pulling strength (p = .003, Table 4 ). There were no significant differences between the RT and control group for either the change in functional reaching strength or the change in maximum isometric joint moment for the other functional muscle groups. In addition, there was a significant Group × Sex interaction for maximum isometric elbow-extension moment (Table 4) .
Predictors of Functional Pulling Strength
Separately, without adjustment for sex, shoulder-adductor volume (R 2 = .70) and elbow-flexor volume (R 2 = .55) explained a significant portion of the variation in functional pulling strength at baseline (Models 1a and 1b, Table 5 ). However, when both shoulder-adductor and elbow-flexor volumes were included in the model together, elbow-flexor volume was no longer a significant predictor of functional pulling strength, whereas shoulder-adductor volume remained a significant predictor (Model 2, Table 5 ). When sex and body mass were included in this model, they did not add significantly to the percentage variability explained (Models 3 and 4, Table  5 ). The total variability in functional pulling strength explained by including both shoulder-adductor and elbow-flexor volume was 72% (Model 2, Table 5 ), indicating that most of the variability in functional pulling strength can be explained by shoulder-adductor volume alone. Separately, without adjustment for sex, maximum isometric shoulder-adduction moment (R 2 = .73) and maximum isometric elbow-flexion moment (R 2 = .42) explained a significant portion of the variation in functional pulling strength at baseline (Models 1a and 1b, Table 6 ). However, when both shoulder-adduction and elbow-flexion moment were included in the model together, elbow-flexion moment was no longer a significant predictor of functional pulling strength, whereas maximum isometric shoulder adduction remained a significant predictor (Model 2, Table  6 ). The inclusion of sex in this model did not add significantly to the percentage variability explained (Model 3, Table 6 ). The total variability in functional pulling strength explained by including both maximum isometric shoulder-adduction and elbow-flexion moments was 73% (Model 2, Table 6 ), indicating that elbow-flexion moment does not add significantly to the variability explained by shoulder-adduction moment alone.
Predictors of Functional Reaching Strength
In the analyses of functional reaching strength, elbow-extensor volume (R 2 = .26) and shoulder-abductor volume (R 2 = .40) explained a significant portion of the variation in this variable when considered separately (Models 1a and 1b, Table 5 ). However, neither shoulder-abductor volume nor elbow-extensor volume remained a significant predictor of functional reaching strength when both volume measures (p = .39 for elbow extensors, p = .065 for shoulder abductors) were included in the model, not controlling for sex (Model 2, Table 5 ). The total variability in functional reaching strength explained by including both shoulder-abductor and (14) for reaching. b t(10) for pulling and t (13) for reaching. c t(9) for pulling and t (12) for reaching. d
t (8) for pulling and t (11) for reaching.
elbow-extensor volume was 44% (Model 2, Table 5 ), only a 4% increase over shoulder abduction alone. Adjusting for sex and body mass did not add significantly to the percentage variability explained (Models 3 and 4, Table 5 ).
In the analyses of functional reaching strength, maximum isometric elbowextension moment (R 2 = .46) and maximum isometric shoulder-abduction moment (R 2 = .49) explained a significant portion of the variation in this variable when considered separately (Models 1a and 1b, Table 6 ). Neither shoulder-abduction moment nor elbow-extension moment remained a significant predictor of functional reaching strength when both maximum isometric joint moments (p = .11 for elbow extension, p = .06 for shoulder abduction) were included in the model, not controlling for sex (Model 2, Table 6 ). The total variability in functional reaching strength explained by including both maximum isometric shoulder-abduction and elbow-extension moments was 59% (Model 2, Table 6 ), indicating that elbowextension moment explained an additional 10% of variability beyond shoulder abduction alone, although this additional explained variability was not statistically significant in this small sample. Adjusting for sex did not add significantly to the percentage variability explained (Model 3, Table 6 ). 
Discussion
In the RT group, increases in upper extremity strength measured using dynamic 1RM strength were achieved after 6 weeks of RT. The muscle volumes for all functional groups tended to increase more in the RT group than in the control group. However, only the changes observed in elbow-flexor and shoulder-adductor muscle volumes were significantly greater for the RT group than the changes observed for the control group. The RT group also had significantly greater increases in functional pulling strength and maximum isometric shoulder-adduction moment compared with the control group. In addition, we found that in this group of healthy older adults, the volume and maximum isometric joint moments of muscles actuating the shoulder accounted for more of the variability in functional reaching and pulling strength than the volume and maximum isometric joint moments of muscles actuating the elbow. These results clearly demonstrate the effectiveness of the RT protocol for increasing muscle strength, as measured by increases in 1RM, and suggest that the shoulder joint plays an important role in functional strength. The RT group increased dynamic 1RM strength by 21-49% over the course of the intervention, comparable to increases seen in previous studies in which interventions lasting from 12 to 24 weeks with older adult subjects led to increases in upper extremity 1RM ranging from 16% to 48% (Brown et al., 1990; Coke, Staffileno, Braun, & Gulanick, 2008; Vincent et al., 2002) . Strength increases of this magnitude have been associated with increases in functional ability in an impaired older adult population (Venturelli, Lanza, Muti, & Schena, 2010) . Venturelli et al. reported that after a 6-month upper body RT intervention, older adults increased biceps-curl 1RM by an average of 26%, and, in the same cohort of older adults, functional ability, as measured by the Barthel ADL Index, increased by an average of 78%. However, the Barthel Index, which scores functional ability from zero to 100 based on the capacity to perform 10 ADLs, includes lower extremity function, as well as upper extremity function.
While increases in dynamic 1RM strength for the RT exercises can be used to demonstrate the effectiveness of an RT program, a criticism of this approach is that it is simply "training for the test." Thus, other strength measures such as maximal isometric joint moment have been used to assess more general increases in strength after an RT intervention (Brown et al., 1990; Hunter et al., 2001; Vincent et al., 2002) . Only maximum isometric shoulder-adduction moment had a significantly greater change for the RT than for the control group. Similar lack of improvement in isometric joint moment has been previously reported (Brown et al., 1990 ) and may be due to the level of activation during training (Ingebrigtsen et al., 2009 ). Tests of isometric moment-generating capacity and functional ability may place different demands on the neuromuscular system compared with the 1RM exercises due to the range of motion involved, level of muscle activation required, posture of the joints, and lack of a velocity component for the isometric joint-moment testing (Ingebrigtsen et al., 2009) . A previous study reported significant changes in maximum isometric joint moment after training with a high load and explosive intention (higher initial muscle activation) but no changes in maximum isometric joint moment after training with a high load and a slow contraction velocity (lower initial muscle activation; Ingebrigtsen et al., 2009 ). The latter training paradigm was used in this RT intervention because of its efficacy in increasing dynamic 1RM strength. This phenomenon of activation-level-dependent gains is similar to that of task-specific training, which has been reported to be the most effective method of increasing strength for a movement of interest, in accordance with the principle of specificity of training (de Vreede et al., 2004) . Several groups have provided evidence that RT more effectively increases functional ability, in both impaired and healthy individuals, when it is combined with practicing functional movements (Manini et al., 2007; Patten, Dozono, Schmidt, Jue, & Lum, 2006; Thielman, Dean, & Gentile, 2004) . The RT program included a training exercise that was very similar to the functional pulling test (the compound row) but no exercise that was similar to the functional reaching task. We observed a significant difference in the change in functional pulling strength between the RT group and the control group but no significant difference between the groups for the changes in functional reaching strength.
The lack of change in muscle volume may in part explain the lack of improvement in functional reaching strength and maximum isometric joint moment at the elbow and wrist. In contrast, the significant increase in shoulder-adductor volume is consistent with the significant increase in maximum isometric shoulder-adduction moment and functional pulling strength in the RT group. The increases in muscle volume and corresponding increases in 1RM that we observed are similar to those reported by Popadic Gacesa et al. (2009) , who observed a 5% increase in elbowextensor volume and 15% increase in maximum isometric elbow-extension moment after a 6-week RT intervention. In the RT training group, we observed a 4% increase in elbow-flexor and -extensor volume and a 3% increase in shoulder-adductor volume, which corresponded to increases in 1RM by 27% for the biceps curl, 21% for the triceps press, and 26% for the compound row. The disparity between increases in the functional-group muscle volumes and their associated 1RMs suggests that much of the improvement seen in 1RM was due to factors other than muscle hypertrophy, such as the training-specific improvements discussed herein. The increases in strength that occur before hypertrophy are often attributed to neuromuscular adaptation or changes in coordination associated with task-specific training (Aagaard, Suetta, Caserotti, Magnusson, & Kjaer, 2010; Abe, DeHoyos, Pollock, & Garzarella, 2000; Patten et al., 2006) . A recent review by Narici and de Boer (2011) also suggests a disparity among muscle groups in their response to RT based on findings by Tesch and colleagues Tesch, Trieschmann, & Ekberg, 2004) and Trappe et al. (2004) , which indicate that the soleus muscle has a decreased response to exercise in terms of protein synthesis and hypertrophy in comparison with the quadriceps muscle. Some reports suggest that it takes 4-8 weeks to induce significant increases in the muscle thickness of some upper extremity functional groups in a healthy adult population (Abe et al., 2000) ; however, to the best of our knowledge, no study has characterized the time course for changes in upper extremity muscle volume or thickness in an older population. Our results are consistent with the study in younger adults, with significant increases in the muscle volume of some functional groups (shoulder adductors and elbow flexors) occurring after 6 weeks of RT but other functional groups showing nonsignificant increases after this time period.
Randomization to RT was associated with significantly greater increases in shoulder-adductor muscle volumes with respect to the control group, and this functional group of muscles is involved in producing the maximum isometric shoulder-adduction moment and functional pulling strength. Isometric shoulder moment and functional pulling strength are also the only two measures of strength where the RT group showed significant improvement compared with the control group. It remains to be determined if a longer RT intervention would lead to greater gains in hypertrophy, resulting in greater gains in functional strength, and transfer to measures of strength not practiced during the intervention. We also observed a significant interaction between sex and RT intervention for wrist-extensor and elbow-flexor volume and for elbow-extension maximum isometric joint moment. This is an area that deserves further study with larger, more diverse, populations, since we had only 8 men and 8 women in this cohort.
We found that both maximum isometric moment and muscle volume at the shoulder explained more of the variability in functional strength than either maximum isometric moment or muscle volume at the elbow. This suggests that the volume and strength of functional groups actuating the shoulder may be more important than the elbow musculature in the performance of functional reaching and pulling tasks. Our data are consistent with previous electromyographic and kinematic analyses of reaching that suggest that the shoulder is responsible for movement generation and the acceleration and deceleration of the shoulder and elbow, while the elbow stabilizes endpoint trajectory (Buchanan, Kelso, & de Guzman, 1997; Dounskaia, 2005; Galloway & Koshland, 2002; Levin, FornerCordero, Li, Ouamer, & Swinnen, 2008) .
To develop an optimal upper extremity RT protocol for increasing functional strength and ability for a variety of tasks, it is important to identify both the type of exercises to include (activation level, task-specific), and the key muscle groups to target. Our preliminary results indicate that maximum isometric shoulder moments explained more of the variation in functional reaching and pulling strength than maximum isometric elbow moments. This suggests that shoulder strength may be an important factor for performing reaching and pulling tasks. Therefore, future RT programs aimed at increasing functional ability for these tasks may choose to focus on muscles that cross the shoulder joint. For example, in the current study the forward reaching task took place in the sagittal plane, while the RT exercises targeting shoulder-abductor muscles were performed in the frontal plane. It is possible that augmenting the RT program to include additional movements in the sagittal plane that target muscles contributing to shoulder-flexion strength would lead to greater improvements in functional reaching strength. Similarly, we did not include exercises for the rotator-cuff muscles, which may have limited the improvements we observed in the reaching task because these muscles function to stabilize the glenohumeral joint.
This study had several limitations. We did not attempt to control diet, medication, or supplements, which may be important factors to consider in future studies. In addition, it is well documented that the aging process includes the infiltration of fat and connective tissue into muscle fibers (Ryall, Schertzer, & Lynch, 2008) . The presence of this noncontractile tissue within the volume of a muscle does not contribute to the moment-generating capabilities. We did not include a scan designed to highlight intramuscular fat in addition to the spoiled gradient sequences used, and therefore we could not quantify the fat content of the muscles. Previous studies evaluating the percentage of intramuscular fat in the calf muscles of older adults reported between 2.3% and 10.7% depending on the muscle evaluated and genetic makeup of the sample (Miljkovic et al., 2009; Schwenzer et al., 2009 ). Thus, intramuscular fat could be substantially increasing the muscle volumes we measured. Because our study sample was older adults, the amount of time spent in the MRI was an important consideration, and adding a fat-suppression sequence would have dramatically increased the acquisition time. The inclusion of a fat scan may lead to more accurate measurements of muscle gain after RT and therefore more statistically significant gains in muscle volume in the event that RT group participants lose fat in addition to gaining muscle.
We chose to assess functional strength instead of functional ability. Many groups use clinical tests such as the Barthel ADL Index to measure functional ability. These tests are often aimed at impaired populations, use measurements that capture the ability to perform a task or the time it takes to complete a functional task, and may include both upper and lower extremity function. These tests can have a ceiling effect when used to evaluate a healthy population, where no or only very small improvements in test score are possible. By using functional strength as an outcome, we are able to assess improvement regardless of ability. We chose not to normalize the improvements in 1RM strength by body mass. Studies in the lower extremity often include this type of normalization because lower extremity strength and body weight are related measures. However, body weight is not strongly related to strength in the upper extremity (Beliaeff, Bouchard, Hautier, Brochu, & Dionne, 2008; .
The RT protocol was designed to minimize muscle-group fatigue and decrease the risk of injury due to the high loads seen at the shoulder when performing ADLs (Westerhoff et al., 2009 ) and the high incidence of rotator-cuff tears in this population (Kim et al., 2009 ). There are other approaches that are used to determine the order of exercises performed, such as moving from smaller to larger muscle groups or single-joint to multijoint exercises, that may have led to different outcomes. Similarly, there are other approaches to increasing the resistance used that are more aggressive (use higher percentages of 1RM or more repetitions) and may lead to greater increases in 1RM over the course of the intervention. We chose to be more conservative in our approach to increasing resistance to minimize the risk of injury. However, our RT protocol still allowed the participants to increase the resistance more rapidly if appropriate. To determine the participants who needed to increase the resistance of an exercise after 2 weeks of the intervention (6 sessions), individuals performed as many repetitions as possible in the third set. If participants exceeded 12 repetitions, the resistance for that exercise was increased at the next session to ensure that they were progressively overloading the muscles. Clearly, the 1RM increased as individuals gained strength between 1RM testing sessions, leading to an increase in the number of repetitions possible in the third set.
We relied on self-reported assessment of injuries. There may be a large number of asymptomatic rotator-cuff tears in an older adult population (Kim et al., 2009 ). Maximal isometric shoulder-abduction moment and functional reaching strength highly depend on the muscles in the rotator cuff. Unknown injury to these muscles, if present, could have contributed to the decreases in maximal isometric shoulderabduction moment over the course of the study in both groups. While the current study focused on a small sample of healthy, unimpaired older adults, future efforts will explore the role of RT in improving strength in those with impairments that frequently affect this population, including rotator-cuff disease and impairment due to stroke.
In addition to decreases in maximal isometric shoulder-abduction moment over the course of the study in both groups, we observed decreases in muscle volume for most functional groups in the control group (average 2% decrease). These participants reported that they were not engaged in any exercise program during the course of the study. A recent study showed that 2 weeks of immobilization led to a 5% decline in quadriceps muscle volume in a cohort of older adults (Suetta et al., 2009) . If the participants were engaged in limited upper limb activity or were avoiding use of the shoulder due to asymptomatic rotator-cuff injuries, this amount of muscle-volume loss may not be unusual. These data suggest that the time course of changes in muscle volume in older adults not engaged in exercise deserves further study in a larger group of participants.
Finally, this study was a preliminary study performed in a small group of healthy older adults. Due to the small sample size, all statistical analyses should be considered exploratory in nature. We believe that due to the relatively small p values for many of the analyses, particularly the increases in 1RM strength, many of the relationships will remain true for a larger population. In the future, we aim to perform work to further establish the importance of the shoulder in performing these and other functional tasks.
In conclusion, 6 weeks of RT produced significant gains in 1RM strength, functional pulling strength, maximum isometric shoulder-adduction moment, elbow-flexor volume, and shoulder-adductor volume in a cohort of healthy older adults. A longer RT intervention may clarify whether significant gains in hypertrophy for other functional groups would lead to more general gains in strength than those possible due to neuromuscular adaptation. Our results indicate that shoulder strength, as measured here by shoulder-muscle volume and maximum isometric joint moment, is a potential limiting factor for reaching and pulling ability. We believe that these data provide a basis for development of targeted RT interventions to more effectively increase functional ability in older adults.
